Trypanosoma brucei is the causative agent of African sleeping sickness. Available treatments are ineffective, toxic and susceptible to resistance by the parasite. Here we show that various endogenous neuropeptides act as potent antitrypanosome agents. Neuropeptides exerted their trypanolytic activity through an unusual mechanism that involves peptide uptake by the parasite, disruption of lysosome integrity and cytosolic accumulation of glycolytic enzymes. This promotes an energetic metabolism failure that initiates an autophagic-like cell death. Neuropeptide-based treatment improved clinical signs in a chronic model of trypanosomiasis by reducing the parasite burden in various target organs. Of physiological importance is the fact that hosts respond to trypanosome infection producing neuropeptides as part of their natural innate defense. From a therapeutic point of view, targeting of intracellular compartments by neuropeptides suppose a new promising strategy for the treatment of trypanosomiasis.
Trypanosoma brucei is the causative agent of African sleeping sickness. Available treatments are ineffective, toxic and susceptible to resistance by the parasite. Here we show that various endogenous neuropeptides act as potent antitrypanosome agents. Neuropeptides exerted their trypanolytic activity through an unusual mechanism that involves peptide uptake by the parasite, disruption of lysosome integrity and cytosolic accumulation of glycolytic enzymes. This promotes an energetic metabolism failure that initiates an autophagic-like cell death. Neuropeptide-based treatment improved clinical signs in a chronic model of trypanosomiasis by reducing the parasite burden in various target organs. Of physiological importance is the fact that hosts respond to trypanosome infection producing neuropeptides as part of their natural innate defense. African trypanosomes cause sleeping sickness in humans and severe epidemics in livestock. The disease is a major health threat to rural Africans, with an annual incidence in humans of about 500 000 people infected per year and 60 million people at a risk of infection. 1 Available drugs are antiquated, ineffective, toxic and susceptible to resistance by the parasite, 2 and the lack of prospect for a vaccine against Trypanosoma brucei has generated the urgent need for the development of new therapeutic approaches that should include agents with non-traditional modes of action. In this sense, an almost unexplored field for the treatment of parasitic diseases is the use of antimicrobial peptides that are effective against other pathogens such as bacteria, fungi and viruses. 3 Despite their broad structural diversity, these antimicrobial peptides share common properties and mechanisms of actions. They have high positive charge and amphipathic and a-helical structures that promote the initial binding of the peptides to the negatively charged outer leaflet of the plasma membranes of pathogens and the insertion into the cell membrane. This leads to a rapid loss of the cell homeostasis and eventually death of pathogen by membrane disruption. 4 As other pathogens, trypanosomes have a highly negative charged coat. 5 In fact, some cationic antimicrobial peptides, such as cecropin and mellitin (of insect origin) or defensins and cathelicidins (produced by leukocytes and epithelial cells), kill trypanosomatids by disrupting plasma membrane integrity and leading to osmotic instability and lysis. 6, 7 Based on the assumption that our organism might respond to parasite infections by secreting antimicrobial-like agents able to act against trypanosomes in a similar way, we here investigate the trypanolytic capacity of a panel of neuropeptides produced by the neuroendocrine and immune systems that are highly abundant in our defense barriers. Despite their broad physiological and source diversity, vasoactive intestinal peptide (VIP), urocortin (UCN), adrenomedullin (AM), corticotropin-releasing hormone, ghrelin and melanocyte-stimulating hormone share some structural characteristics that are common to antimicrobial peptides, such as small size (o6 kDa) and the presence of clusters of hydrophobic and cationic residues arranged into an amphipathic and a-helical structure (Table 1) . Indeed, the antibacterial capacities for some of these neuropeptides have been described recently. 8, 9 In this report, we show that these endogenous peptides act as potent antitrypanosome agents, showing an unusual trypanolytic mechanism.
Results
Neuropeptides kill bloodstream form T. brucei. We first investigated the ability of these neuropeptides to kill infective bloodstream forms (BSFs) of T. brucei brucei, the parasite life-cycle stage present in mammalian hosts. All of them exhibited a potent capacity to kill BSFs (Figure 1a) , with LD 50 in the range of those antiparasitic drugs used in clinic (B2-3 mM, Table 1 ). A second administration of the peptides (at the LD 50 ) 24 h after initiation of the culture caused 100% mortality (not shown). The neuropeptides were able to kill the monomorphic and pleomorphic forms of T. brucei isolated from the blood of infected individuals in a similar manner as they did with cultured forms (Supplementary Figure 1) . The decrease in the parasite numbers and viability was accompanied by morphological alterations. Untreated trypanosomes showed the typical elongated slender morphology with the flagellum attached to the undulating membrane ( Figure 1b ) that confers them a high mobility (Supplementary Video S1). However, neuropeptide-treated parasites showed a swollen and round morphology (Figure 1b Videos S2 and S3) . Moreover, neuropeptides induced alterations in the normal sequence of cell division of trypanosomes. These parasites have a single mitochondrion, and the mitochondrial DNA is arranged in the kinetoplast, a large disk-like structure. Under normal conditions, there is a well-coordinated kinetoplast cycle starting shortly before the nuclear S phase. VIP treatment increased the numbers of aberrant parasites containing two nuclei and one kinetoplast, or two nuclei and two kinetoplasts without cytokinesis (Figure 1c ). This suggests that VIP induces cell cycle arrest and blocks cytokinesis in T. brucei, although not preventing nuclear re-entry into another cell cycle or the replication of the kinetoplast.
The rate and conformational orientation of positive charges and hydrophobic residues in the molecule seem to be structural requirements for their trypanolytic activity. Thus, although the VIP fragment VIP1-12 corresponding to the first 12 N-terminal amino acids was completely ineffective, the VIP10-28 and AM20-50 fragments, both containing clusters of residues that could potentially interact with the parasite membrane (Table 1) , were even more efficient as trypanolytic factors than native VIP or AM (Figure 1d) .
Interestingly, all peptides failed to kill the procyclic culture forms (PCFs) of T. brucei brucei, the parasite life-cycle stage present in the tsetse vector midguts (Figure 2a) , suggesting that differences between the two life stages of the parasite are determinant of the trypanolytic activity of these peptides. Importantly, for a future application, none of the neuropeptides affected the viability of mammalian cells at the effective antiparasitic dose (Figure 2b ).
Neuropeptides are endocytosed by parasites and disrupt intracellular compartments. According to the way of action of other antimicrobial peptides, 4, 6 trypanosome lysis might be a consequence of binding of the neuropeptides to the parasite surface and subsequent formation of pores in the plasma membrane. To investigate this possibility, we used carboxifluorescein (FAM)-labeled VIP (FAM-VIP). Interestingly, we found that T. brucei progressively accumulated VIP in intracellular compartments (Figure 3a) . VIP entry occurred very fast (o15 min) through the flagellar pocket, an invagination of the plasma membrane through which all intracellular trafficking of trypanosomes is directed. Later, VIP redistributed in multiple intracellular vesicles initially localized in endomembrane compartments between the nucleus and the kinetoplast (Figure 3a) . Between its initial endosomal localization and its multivesicular distribution, VIP seems to be partially released to the cytosol (Figure 3a, 1 h) . Identical results were obtained with FAM-UCN (Figure 3a) . Interestingly, the PCFs did not uptake VIP or UCN (Figure 3b ). To simplify the figures, further experiments will only show data corresponding to VIP, although similar results were obtained with the other neuropeptides.
To determine whether endocytosis of VIP is critical for its trypanolytic activity, we treated the parasites with VIP at various temperatures that are related with different cellular events. At 41C, a temperature that inhibits membrane molecular movements and endocytosis, BSF trypanosomes showed a uniform cell surface distribution of FAM-VIP, although they did not endocytose it (Figure 3c ). At 171C, a temperature that inhibits the endosomal fusion with the lysosome, parasites accumulated FAM-VIP in endosomes close to the flagellar pocket, but the vesicular redistribution of VIP was impaired ( Figure 3c ). Consequently, VIP did not show any trypanolytic activity at 4 or 171C (not shown). Therefore, neuropeptide uptake by the parasite is a necessary, but not sufficient, step for the trypanolysis, which also requires the intracellular accumulation and extensive distribution of the peptide. Indeed, VIP removal after an initial contact (for 1 h) with the parasites aborts the trypanolysis (not shown). We observed that once endocytosed, VIP alters the normal intracellular trafficking of the parasite. Most of the untreated trypanosomes showed staining for rhodamine-labeled dextran (a bulk-phase endocytic marker) and p67 (a lysosomal membrane marker) in one to two vesicles located between the kinetoplast and the nucleus (Figure 4a and b), corresponding to the typical endosomal-lysosomal localization in trypanosomes. 10 VIP treatment progressively increased the number of dextran-containing and p67 þ vesicles, and B75% of trypanosomes had more than three lysosome-like vesicles after 4 h of treatment. This correlates with the increased cell complexity induced by VIP ( Figure 1c ). Importantly, in addition to this multivesicular scenario, a significant proportion of the VIP-treated parasites showed overall diffused dextran þ and p67 þ staining in the cytosol (Figure 4a and b), suggesting that their endosomal-lysosomal vesicles are disrupted. Increasing the culture pH by the addition of NH 4 Cl blocked the VIPinduced multivesicle scenario ( Figure 4c ) and reversed the antiparasitic effect (not shown), but not endocytosis of VIP (Figure 4c ). This suggests that neuropeptides need the formation of the lysosome and/or their localization in an acidic compartment to exert the trypanolytic activity. Interestingly, coinciding with the disruption of lysosomes, VIP was partially released to the cytoplasm (Figure 3a, 1 h) and then accumulated in different cytoplasmic non-lysosome vesicles (Figure 4d ).
Neuropeptides induce irreversible metabolic changes in T. brucei and target glycosomes. We next analyzed the cell death mechanisms involved in the antiparasitic effect of VIP and whether other cellular components were affected. We found that VIP failed to induce necrosis or apoptosis cell death (Figure 5a and b) . However, the treatment with VIP resulted in a striking depletion in ATP levels in BSF trypanosomes (Figure 5c ). This was followed by an important reduction in mitochondrial membrane potential (Figure 5d ). This is interesting because, in contrast to PCFs, BSF trypanosomes rely entirely on glycolysis for their ATP supply. The glycolytic enzymes are localized in glycosomes, the specialized peroxisome-like organelles. 11 As VIP induced a failure in the energetic metabolism of the parasite, we therefore asked whether the neuropeptide affected the glycosomes in some way. We used the glycosomal enzymes phosphoglycerate kinase (PGK) and aldolase as markers of the number and integrity of glycosomes. Although untreated trypanosomes showed the characteristic punctuate staining pattern of both glycosomal proteins, most of the VIP-treated parasites showed a faint and diffuse PGK and aldolase staining throughout the entire parasite body (Figure 5e ). This indicates that a considerable fraction of the glycosomal enzymes relocated to the cytosol after VIP treatment. Western blot analysis of parasites treated with VIP showed a high content of both enzymes in the cytosolic fraction (Figure 5e ), confirming the mislocalization of glycolytic enzymes out of the glycosome after treatment with neuropeptides. Interestingly, we observed that VIP mostly colocalized with the glycosomes that remained intact before the release of the glycolytic enzymes (Figure 5f ), indicating that VIP seems to target glycosomes.
Neuropeptides induce autophagic-like cell death in trypanosomes. We next investigated the nature of damage caused by the peptides within the parasite by electron microscopy (Figure 5g ). We observed that VIPtreated trypanosomes underwent swelling with extensive intracellular degeneration and formation of multiple lysosome-like digestive vesicles containing an electrodense cytoplasmic material. These autophagic vesicles increased in number and size shortly after peptide contact, progressively surrounded parts of cytosol fusing with each other, resulting in a big vacuole containing abundant dispersed material enveloped by broken double membranes (Figure 5g ). Only at the end, the cells showed some visible breaks in the plasma membrane, previous to cell disintegration (Figure 5g ). Nuclear morphology was well preserved and no evidence of mitochondrial or flagellar pocket swelling accompanied the prominent cytoplasmic changes. Moreover, the subpellicular layer of microtubules appeared to be intact during peptide treatment. These results indicate that VIP-induced cell damage has features distinct from those of typical apoptosis or necrosis. The extensive vacuolization and the presence of cytoplasmic contents inside vacuoles clearly indicate that VIP-induced cell damage has features of autophagic-like death, similar to those observed after nutrient starvation of the cells. 12, 13 Moreover, we investigated the presence of the microtubuleassociated protein-1 light-chain-3 (LC3)
Therapeutic effects of neuropeptides in T. b. brucei infection. We next studied the potential therapeutic effect of these neuropeptides in an experimental model of chronic trypanosomiasis. All the mice infected with the pleomorphic AnTat 1.1 strain of T. brucei brucei die before day 34 after infection (Figure 6a) , as a consequence of two peaks of parasitemia ( Figure 6b ) and massive invasion of trypanosomes in several target organs after the second peak (Figure 6c ). Intraperitoneal administration of VIP or VIP10-28 significantly protected infected animals. Neuropeptides decreased parasite burden in vivo and significantly delayed death of infected mice (Figure 6a and b, Po0.001). Thus, at the time when all untreated animals succumbed to parasitic infection, 83 and 91% of the mice treated with VIP and VIP10-28, respectively, were still alive. The absence of the second peak of parasitemia and the reduced trypanosome load in target organs were beneficial in alleviating local damage, mainly regarding the parasite entry to the brain, one of the key events in the pathogenesis of the disease (Figure 6b and c) .
Finally, we investigated whether animals produced antiparasitic neuropeptides in response to trypanosome infection. Interestingly, we observed a 20-fold increase in serum VIP levels in infected animals in comparison with uninfected mice (Figure 6d ).
Discussion
Identification of new trypanolytic agents with non-traditional modes of action is critical for the design of more efficient therapeutic strategies for clinical intervention in African trypanosomiasis. In this study, we report that various endogenous neuropeptides, such as VIP, AM, UCN, CRH and ghrelin, show potent trypanolytic activity, with LD 50 in the range of those antiparasitic drugs used in the clinic. 16 ,17 All these neuropeptides belong to different families of peptides,
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showing no homology between them, and their major cellular sources and physiological roles in the body are highly different. 18 However, they share some structural characteristics, which include small sizes (8-50 amino acids) and amphipathic a-helical structures arranging clusters of hydrophobic and cationic residues. These characteristics are common for antimicrobial peptides. However, the present data show that the cell death mechanisms involved in the antiparasitic effect of neuropeptides substantially differ from those described for other antimicrobial peptides. 19 For example, cationic peptides, such as cecropin, defensins or cathelicidins, lyse the parasite by pore formation and plasma membrane disruption. 7, 20 Human histatin-5 translocates across the plasma membrane of the trypanosomatid Leishmania in a non-lethal manner and, once inside the cell, targets mitochondria and kills the parasite. 21 Alternatively, trypanolysis mediated by TNF-a and human apolipoprotein-1 (apo-L1) requires uptake and processing of both factors. Although none of these possibilities can be completely excluded, our data suggest that neuropeptides exert their trypanolytic activity through an unusual mechanism that involves peptide uptake by the parasite, disruption of lysosome integrity and cytosolic accumulation of glycolytic enzymes. This promotes an energetic metabolism failure that initiates an autophagiclike cell death ( Figure 7 ).
As cationic peptides, neuropeptides preferentially recognize and interact with the anionic residues exposed on the outer surface of the BSF trypanosome membrane, but not on the mammalian cell membrane, nor on the PCF trypanosome membrane. No targeting for mammalian cells could be partially explained because in higher eukaryotes, the anionic phospholipids are mostly confined to the inner cytoplasmic leaflet of the plasma membrane and they have higher membrane cholesterol amounts than trypanosomes. This could prevent interaction with the peptides and avoid host cell damage. Although minimal amounts of neuropeptides could be internalized by mammalian cells after their binding to specific receptors in a natural regulated process of desensitization, this process does not result in a toxic effect for the cells. This could be because the neuropeptides do not accumulate in the endosomal compartments and are cleared before their receptors are recycled again to the cell surface. The specific targeting for the BSFs, but not for the PCFs, could be due to various factors. First, the two parasite forms present different anchored membrane proteins in terms of their relative abundance, structure and glycosylation. 22, 23 Second, PCFs show lower endocytic rates than the BSFs. Although endocytic recycling of the entire BSF coat is very rapid, and the entire flagellar pocket is internalized within B2 min, uptake in PCFs is unusually slow, with little turnover of surface proteins. 24 These differences could be critically related to the differential trypanolytic activity of the neuropeptides in the two parasitic stages.
The experiments of propidium iodide exclusion and the electron microscopy images argue against plasma membrane disruption as a major mechanism involved in the trypanolytic activity of neuropeptides, as occurs with other cationic antimicrobial peptides. 7, 20 Moreover, our data indicate that the endocytosis of the neuropeptides through the flagellar pocket is strictly required for their trypanocidal effect. This mechanism also differs from that described for human histatin, which translocates across the plasma membrane through the entire surface of the parasite in a non-lethal manner by inducing cell membrane depolarization. 21 Once endocytosed, neuropeptides initially followed normal delivery pathways in T. brucei, being trafficked from endosome network to lysosome, where they seem to disrupt the endosomal-lysosomal vesicles. Other trypanolytic factors, such as TNF-a and apo-L1, bind to the flagellar pocket, internalize through endocytic vesicles and ultimately localize into large lysosome-like vesicles, where they form ionpermeable channels that induce osmotic swelling of the lysosome until the parasite is lysed. 25, 26 Neuropeptides need the formation of the lysosomes and/or their localization in an acidic compartment to exert the trypanolytic activity. It remains unknown whether neuropeptides form ion-permeable pores in the lysosome, but their way of action could slightly differ from those described for TNF-a and apo-L1. Although TNF-a and apo-L1 lyse trypanosomes quickly (in B4 h), longer and continuous uptake and intracellular accumulation of the neuropeptides are required to maintain a sustained trypanocidal action that could depend on alteration of parasite intracellular trafficking. Why do neuropeptides lyse intracellular vesicles but not the plasma membrane of the trypanosome? Glycocalix that coats the parasite could make cell membrane inaccessible to neuropeptides. Alternatively, neuropeptides could be inactive outside the trypanosome and activate only when internalized, probably in an acidic environment.
Coinciding with the disruption of lysosome, neuropeptides are partially released to the cytoplasm and then accumulated in different cytoplasmic non-lysosome vesicles. A complete colocalization of VIP with glycosomes suggests that, once in the cytosol, neuropeptides target these peroxisome-like organelles. This event could have important consequences in the survival of the parasite, because BSF trypanosomes rely entirely on glycolysis for their ATP supply and maintain all glycolytic enzymes confined in the glycosome. Indeed, (3) Neuropeptides pass to the lysosomal compartment where they, in an acidic environment, acquire the capacity to disrupt the membrane of these vesicles. (4) The release of digestive enzymes from the lysosomes could be enough to cause the death of the parasite. In addition, this could induce a general perturbation of the intracellular membrane compartment characterized by increased numbers of lysosome-like vesicles. At this point, neuropeptides are released into the cytosol. Once in the cytosol, neuropeptides could target glycosome, disrupt the glycosome membrane and release the glycolytic enzymes to cytosol. (5) Mislocalization of glycolytic enzymes to the cytosol disrupts energetic metabolism. (6) The fall in ATP levels in the parasite leads to alteration in the mitochondrial potential membrane (cm) and to an autophagic-like process that kills the parasite glycolysis has been perceived as an excellent target for the design of new antitrypanosome drugs, and the inhibition of glycolysis leads to rapid death of BSFs. The presence of intact glycosomes and the proper compartmentation of the enzymes within these organelles are essential for parasite survival, and BSFs do not tolerate even a slight mislocalization of glycosomal enzymes to the cytosol. 27, 28 Our findings show that neuropeptides induce the accumulation of glycolytic enzymes in the cytosol of BSFs. We still do not know whether mislocalization of glycolytic enzymes is a consequence of the lysosomal lysis or whether, once released from the lysosomes to the cytosol, neuropeptides are able to disrupt the glycosome membrane, allowing the exit of their enzymes to the cytosol.
These findings could indicate that the loss of lysosome integrity and/or a rise in the level of the glycolytic enzymes above a critical threshold in the cytoplasm of the neuropeptide-treated trypanosomes initiate a bioenergetic catastrophe, characterized by a decline in ATP levels and loss of mitochondrial membrane potential, which seem to initiate an autophagic-like cell death program. The increase in intracellular lysosome-like vesicles observed after peptide treatment could be directly related to the formation of the autophagic-like vacuoles that lately rely on lysosome fusion. The concept of autophagy in trypanosomatids is new and has been mainly related to processes of differentiation and change of stage, 29, 30 although recent reports have shown that other antiparasitic drugs could induce autophagy. 13, 31 Various studies have recently described the functional involvement of the genes homologous to Atg8 and LC3 in the autophagy of Leishmania major and T. cruzi. 14, 32 Although it needs confirmation, their phylogenetic proximity and homology presume a similar functional implication of the Atg8/LC3 ortholog gene Tb07.10C21.40 in T. brucei. In the absence of molecular functional markers, the best phenotypic characteristic that defines the autophagic process is the ultrastructural morphologic changes. Although our electron microscopy studies show that neuropeptides induce a process with phenotypic characteristics of autophagy, until autophagy is fully demonstrated and molecularly characterized in T. brucei, we only can say that neuropeptides induce an 'autophagiclike' process.
This study has different important implications. From a therapeutic point of view, these cationic neuropeptides emerge as new trypanolytic agents with non-traditional modes of action ( Figure 7 ). This is critical for the design of more efficient therapeutic strategies for clinical intervention in African trypanosomiasis. Using agents that specifically target vital intracellular components, present only in trypanosomes, could overcome the emergence of resistance observed against conventional drugs, because redesign of these targets would be a costly solution for parasites. Importantly, contrary to current treatments, neuropeptides are not toxic for the host. However, treatment with neuropeptides was insufficient to completely cure a chronic infection and treated mice succumbed to late-stage parasitemia. Therefore, methodological strategies should be developed before clinical translation to increase the neuropeptide half-life or improve delivery in the target tissues, especially in long-term treatments.
From a physiological point of view, neuropeptides could act as natural antiparasitic agents. We observed that the hosts respond to trypanosome infection by elevating the peripheral levels of VIP in an attempt to decrease parasite load. Although the concentrations required for an efficient in vitro trypanolytic activity are two or three orders of magnitude higher than the endogenous neuropeptide levels induced during trypanosomiasis, they correspond to the neuropeptide concentrations found in certain microenvironments, such as in the proximity of nerve endings. 33 In addition to nerves, the neuropeptides described in this study are produced by leukocytes and epithelial cells and are elevated in skin and mucosal barriers of the respiratory, genital and gastrointestinal tract, 18 which are in constant contact with the pathogens. Interestingly, human leukocytes were found to produce several VIP fragments, including VIP10-28, but their roles were completely unknown. 34 Our data could give now a physiological significance to the production of these fragments. Most of these neuropeptides appear very early in the evolution and their sequences are well conserved, suggesting that they must play an ancient role, probably as important components of host innate defense.
Finally, from the point of view of the parasite, the induction of trypanolytic neuropeptides during infection could mean an evolutionary advantage for the trypanosome. Thus, parasites could promote the release of neuropeptides by cells of the host leading to elimination of most of the parasite population and selection of the fittest parasites, favoring parasite transmission for a longer time by keeping the host alive. Importantly, the induction of programmed cell death seems to play a crucial role in this strategy of the parasite. 35, 36 Materials and Methods Cell culture and in vitro trypanolysis assays. Parasite BSFs included the pleomorphic strain T. brucei brucei AnTat 1.1 (Institute of Tropical Medicine, Belgium) and the monomorphic strain MiTat 1.2 (variant surface glycoprotein 221). PCFs T. brucei (clone 221) were grown at 281C in SDM-79 medium/10% fetal bovine serum. BSFs were cultured in axenic culture conditions at 371C with 5% CO 2 in HMI-9 medium. Exponentially growing parasites were incubated (4 Â 10 5 cells/ ml) with different concentrations of neuropeptides obtained from American Peptides (Sunnyvale, CA, USA) or Phoenix Pharmaceuticals (Burlingame, CA, USA) at 371C (for BSFs) or 281C (for PCFs) for various time periods. In some experiments, parasites were treated with a second administration of neuropeptide after 24 h culture. To analyze the importance of peptide uptake in the trypanolytic activity, parasites were cultured with peptides (25 mg/ml) for 1 h at 17 or 41C, washed and then incubated for 4 h at 371C. To increase pH and inhibit the acidification of endosomes or lysosomes, parasites were preincubated with 8 mM NH 4 Cl for 30 min at 41C and then treated with neuropeptides for 4 h at 371C.
Trypanolytic activity of neuropeptides was determined by measuring cell viability by using the chromogenic substrate 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT; Sigma, St Louis, MO, USA). In brief, parasites were incubated with MTT (5 mg/ml, 10 ml/well) for an additional 4 h period at either 28 or 371C. The reduced substrate was then solubilized with 20% SDS (90 ml) overnight at 371C and absorbance measured at 550 nm. Relative viability (%) was determined as (A 550 neuropeptide-treated parasites/A 550 control parasites) Â 100.
Measurement of mitochondrial membrane potential. After treatment, the parasites were incubated with 25 nM tetramethylrhodamine (TMRE; Molecular Probes, Carlsbad, CA, USA) in HEPES buffer (10 mM, pH 7.4; containing 140 mM NaCl and 5 mM CaCl 2 ) for 30 min at 371C and analyzed by flow cytometry. Cells treated with the ionophore valinomycin (100 nM) were used as positive controls for a complete depolarization of the inner mitochondrial membrane.
Determination of ATP levels. ATP was extracted by incubating parasites (2 Â 10 6 ) with 45 ml of ATP buffer assay (100 mM Tris-HCl, 2 mM EDTA, pH 7.5), 4 ml EGTA (50 mM) and 12 ml phenol:chloroform:isoamilic acid for 2 min. After centrifugation at 13 000 r.p.m., supernatant (5 ml) was added to ATP buffer (195 ml) and ATP assay mix (50 ml) containing luciferin/luciferase system (Sigma). After 3 min, luminescence was read in a FB12 luminometer.
Determination of necrosis. Plasma membrane disruption was assessed using propidium iodide (5 mg/ml) staining and flow cytometry. Parasites treated with digitonin (6 mM) were used as positive controls.
Determination of apoptosis. Apoptotic cells were assayed by measuring exposed phosphatidylserine on the outer membrane. After neuropeptide treatment, cells were washed in HEPES buffer (10 mM, pH 7.4; containing 140 mM NaCl and 5 mM CaCl 2 ) and incubated for 15 min with annexin V at 41C. Fluorescence was measured using FACS analysis.
Fluorescence microscopy. For FAM-VIP and FAM-UCN labeling, cells were cotreated with 12.5 mg/ml of peptides and 0.02 nM of fluorescent peptides (from Phoenix Pharmaceuticals). After washing with PBS, the cells were fixed in 2% formaldehyde and mounted in DAPI-containing Vectashield medium (Vector Laboratories, Burlingame, CA, USA). For indirect immunofluorescence assays, parasites were fixed in 2% formaldehyde, spread on poly-L-lysine-coated slides and permeabilized with 0.2% Triton X-100 in washing solution (PBS/1% BSA). Cells were then blocked with 2% goat serum and incubated with the corresponding primary antibodies against p67, rat LC3 (MBL laboratories), PGK-C and aldolase. Slides were then washed, incubated with Alexa-594-labeled goat anti-mouse or anti-rabbit antibodies (Molecular Probes), mounted as above and imaged by a microscope (AX10 Imager A1; Zeiss) or by a confocal microscope (LCS SP5; Leica).
To measure endocytosis, we used tetramethylrhodamine-labeled dextran (Molecular Probes; Mr ¼ 10 000; neutral charge) as a fluid-phase marker. Parasites were preincubated with 3 mg/ml dextran at 371C for 30 min before the addition of neuropeptides (25 mg/ml), and then incubated at 371C for 2-4 h. When used, NH 4 Cl was added 30 min at 41C before dextran incubation. After incubation, the cells were fixed in 1% formaldehyde, mounted onto poly-L-lysine slides and processed for microscopy.
Western blot analysis. BSF trypanosomes (2 Â 10 7 ) were lysed in a buffer containing 25 mM Tris-HCl (pH 7.4), 0.3 M sucrose, digitonin (6 mg/ml, a concentration that lyses plasma membrane, but not glycosomal membrane) and proteinase inhibitor cocktail (Sigma) for 45 min on ice. After centrifugation (12 000 Â g, 10 min), the proteins were separated on 10% SDS-PAGE gels, transferred onto PVDF membranes, blocked with 5% skimmed milk in PBS and incubated with primary antibodies against PGK-C or aldolase (dilution 1 : 8000), followed by HRP-conjugated anti-rabbit antibody (1 : 5000; Dako) and chemoluminescence was detected with the ECL Plus system (GE Healthcare).
Transmission electron microscopy. Trypanosomes were fixed with 1.5% glutaraldehyde/1% formaldehyde in 0.05 M sodium cacodylate buffer for 2 h at 41C, washed and postfixed in 1% osmium tetroxide containing 1% potassium ferricyanide. Samples were stained in 2% uranyl acetate, dehydrated in ethanol and embedded in Epon according to standard procedures. Ultrathin sections were collected onto grids, stained with uranyl acetate, contrasted with citrate and observed in a Zeiss EM10C electron microscope at 80 kV.
Experimental model of chronic trypanosomiasis. Animal experimental protocols were approved by the Ethics Committee of the Spanish Council of Scientific Research (CSIC). Male C57BL/6 mice (7-to 9-week-old; Jackson Laboratories) were i.p. injected with 5000 parasites from the pleomorphic strain AnTat 1.1 of T. brucei brucei. VIP (13 mg/mouse) or VIP10-28 (23 mg/mouse) were i.p. administered on alternate days starting 1 day after infection. Control mice received PBS. Survival was monitored every day. Parasitemia was determined every other day by counting the number of trypanosomes in tail-vein blood with an optical microscope. Some animals were killed after the first (day 7) and second (day 26) wave of parasitemia, and serum was collected by cardiac puncture and the number of parasites determined in cell suspensions prepared from lymph nodes, spleen, liver, brain and lungs. VIP levels in the sera were determined by competitive ELISA (Phoenix Pharmaceuticals).
Statistical analysis. Significance for in vivo survival studies was evaluated by Fisher's exact test. Analysis of variance followed by Bonferroni post-test was used for in vivo parasitemia comparisons. Trypanosome numbers in tissues and in vitro viability studies were evaluated by using the Mann-Whitney U test. The differences were considered significant when the P-value was o0.05. All results are expressed as mean ± S.D.
